ABSTRACT: The biochemical and histopathological techniques used to investigate meniscal content and structure are destructive and time-consuming. Therefore, this study evaluated whether contrast-enhanced computed tomography (CECT) attenuation and contrast agent flux using the iodinated contrast agents CA4þ and ioxaglate correlate with the glycosaminoglycan (GAG) content/distribution and water content in human menisci. The optimal ioxaglate and CA4þ contrast agent concentrations for mapping meniscal GAG distribution were qualitatively determined by comparison of CECT color maps with Safranin-O stained histological sections. The associations between CECT attenuation and GAG content, CECT attenuation and water content, and flux and water content at various time points were determined using both contrast agents. Depth-wise analyses were also performed through each of the native surfaces to examine differences in contrast agent diffusion kinetics and equilibrium partitioning. The optimal concentrations for GAG depiction for ioxaglate and CA4þ were !80 and 12 mgI/ml, respectively. Using these concentrations, weak to moderate associations were found between ioxaglate attenuation and GAG content at all diffusion time points (1-48 h), while strong and significant associations were observed between CA4þ attenuation and GAG content as early as 7 h (R 2 ! 0.67), being strongest at the equilibrium time point (48 h, R 2 ¼ 0.81). CECT attenuation for both agents did not significantly correlate with water content, but CA4þ flux correlated with water content (R 2 ¼ 0.56-0.64). CECT is a promising, non-destructive imaging technique for ex vivo assessment of meniscal GAG concentration and water content compared to traditional biochemical and histopathological methods. ß
The human meniscus serves to stabilize the knee joint, absorb shock, and protect the articular cartilage from excessive stress during daily activities. Like many tissues, the biochemical composition and structure of the meniscus affect the tissue's function. Specifically, meniscal collagen fibers (20-25% by mass)-primarily Type I, but also Types II, III, V, and VI 1 -are arranged in internal bundles and tangentially to the tissue surfaces, which enable the meniscus to overcome the tensile and shear forces induced during locomotion. 2, 3 The proteoglycans (1-2% by mass) with their associated glycosaminoglycans (GAGs) coordinate water, and, thus maintain hydration (70-78%), 4, 5 which contributes to the compressive stiffness of the meniscus. 2, 3, 6 Meniscal breakdown, including GAG depletion, occurs in the early stages of osteoarthritis (OA). 7, 8 GAG depletion in the meniscus affords increased meniscus hydraulic permeability, which facilitates increased water flow and water content, 9 and consequently softening of the tissue. 10 Thus, techniques for assessing the biochemical composition and structure of the meniscus are crucial for further understanding the pathogenesis of OA within the meniscus.
Biochemical assays and histopathological techniques are often used to investigate meniscal content and structure. For example, the dimethylmethylene blue (DMMB) assay 11 is used to measure meniscal GAG content. This assay has been successfully used to analyze regional differences in meniscal GAG content 2, 5, 12 as well as characterizing the role tumor necrosis factor (TNFa) plays in GAG depletion after a meniscal injury. 13 However, performing the DMMB assay is destructive and time-consuming. Another commonly used technique to assess meniscal GAG content and distribution is Safranin-O staining of histological sections. 5, 12, 14 However, this method is also limited, as it involves several lengthy steps and is inherently destructive. Furthermore, neither the DMMB assay nor Safranin-O staining can provide a 3D map of tissue GAG or water content.
Due to the limitations of histology and conventional biochemical assays, there is a significant interest in the development of alternative (and nondestructive) imaging methods for assessing meniscus biochemical content. Clinically, the meniscus is most frequently imaged using native and contrast-enhanced MRI.
With the development of delayed Gadolinium Enhanced MRI of Cartilage (dGEMRIC), in vivo dGEMRIC studies have reported differences in the red (vascularized) and white (non-vascularized) zones of the meniscus, 18, 20 differences in meniscal T1 relaxation times between osteoarthritic and healthy subjects, 21 and relationships between T1 relaxation times of the meniscus and articular cartilage within the same subjects. 19 However, dGEMRIC has yet to demonstrate associations with the biochemical content of the meniscus, either ex vivo or in vivo, which is critical for quantitative studies of OA pathogenesis.
An alternative to MRI, contrast-enhanced CT (CECT) [22] [23] [24] [25] enables ex vivo measurement of both bovine 12 and human 26 meniscal GAG content and distribution. Using the anionic contrast agent ioxaglate, the reported associations between the mean CECT attenuation and the GAG contents of both bovine and human meniscus samples were significant but weak to moderate in association strength-bovine, R 2 ¼ 0.51 (p < 0.05) and human, R 2 0.49 (p < 0.05)-indicating that there is a need for a more sensitive technique for determining meniscal GAG content non-destructively. 12, 26 Recently, a new cationic CT contrast agent CA4þ 27-29 is described for imaging articular cartilage that is also sensitive to bovine meniscal GAG content and distribution, 12 but there are no reports of its performance in human meniscal tissue. Furthermore, the previous meniscal CECT studies only measured the CECT attenuation at a single time point ("static CECT"), while recent reports using bovine cartilage and ioxaglate have indicated the utility of CECT imaging at several time points ("dynamic CECT") for measuring contrast agent flux, which is known to reflect differences in cartilage water content and permeability. 30 Thus, opportunities also exist for using CECT to examine these properties in the human meniscus.
The focus of this study is to compare static and dynamic CECT imaging with ioxaglate and CA4þ for ex vivo assessment of GAG, water content, and flux of the human meniscus. We hypothesized that: (i) the static CECT attenuation following equilibrium exposure in CA4þ will more strongly correlate with the GAG content than that of ioxaglate at times points before and at equilibrium; (ii) contrast agent flux with both agents will strongly correlate with tissue water content; and (iii) owing to electrostatic interaction with the fixed negative charge density afforded by the GAGs, the ioxaglate contrast agent flux will be greatest through the radial surface, while the CA4þ flux will be greatest through the tibial and femoral surfaces. Specifically, we report the diffusion profiles for ioxaglate and CA4þ into cadaveric human menisci, and the resulting CECT associations with GAG and water contents along with an analysis of the flux.
METHODS

Material/Specimen Preparation and Study Design
Five medial and five lateral menisci were carefully excised from the knees of human cadavers (five donors, 60% male, mean age: 42.3 yrs, age range 20-54, purchased from MedCure [Portland, OR]). The menisci were sectioned into three regions: Anterior, central, and posterior ( Fig. SI-1a) , 2, 12, 31, 32 and all samples were frozen at À20˚C in 0.9% saline with protease inhibitors, antibiotics, and antimycotics for later use. GIBCO Anti-Anti stock solution, 5 mM of EDTA (Sigma, St. Louis, MO) and benzamidine HCl (Sigma B6506) were included in all the solutions that were exposed to the menisci samples to prevent degradation during the studies. The osmolality of all solutions for all studies was adjusted to 400 AE 10 mOsm/kg using sodium chloride to match the in situ osmolality of the meniscus (350-450 mOsm/kg 12, 33 ) and to prevent osmotic changes in water content. Hence, the only difference between contrast agent solutions was the contrast agent molecules themselves. Prior to investigation, the menisci were thawed overnight at 4˚C before the non-native, cut ends of each region were sealed with cyanoacrylate glue to prevent contrast agent diffusion through these surfaces. This experiment consisted of three studies: (i) a diffusion-in study to determine the time required for the cationic contrast agent (CA4þ) to reach equilibrium; (ii) an optimization study to determine the optimal concentration for CA4þ and ioxaglate by qualitatively comparing the ability of various concentrations of both agents to map the GAG distribution in human menisci at equilibrium; and (iii) a fixed-concentration study to (a) compare the CECT attenuation at different time points to tissue GAG and water contents and to (b) compare the time-dependent contrast agent fluxes through each native surface to tissue water content.
Contrast-Enhanced Computed Tomographic (CECT) Imaging
For the diffusion-in study, three samples (one anterior, one central, and one posterior from three independent knees, Table SI-1) were immersed in 30 ml solutions of the CA4þ contrast agent (molecular weight ¼ 1,354.03 g/mol) 27 at 12 mgI/ml (0.015 M) and imaged using microCECT at various time points up to 96 h. 12 The time required for the contrast agent to reach equilibrium within the different regions of the meniscus was defined as the time after which the change in CECT attenuation per hour was <1%.
12 Additionally, the diffusion-in CECT attenuation versus time data for all time points for each sample was then fitted with an exponential function of the form CECT_attenuation ¼ a Ã exp(-time/tau) þ c to further characterize the diffusion kinetics, where tau represents the time at which 63.2% of the equilibrium attenuation was reached. 12, 34 The equilibrium immersion time was determined to be 48 h from the CA4þ diffusion-in study. The diffusion kinetics of CA4þ (molecular weight ¼ 1,354.03 g/mol) and ioxaglate (molecular weight ¼ 1,268.87 g/mol) were assumed to be roughly similar for this tissue, given the similar size and the previous diffusion-in kinetics data of the two contrast agents for both bovine and human articular cartilage 28, 35 and the bovine meniscus. 12 Since color maps from previous studies 12, 34, 35 closely matched those of Safranin-O staining as a reference, a qualitative screening process was utilized in this study to determine the appropriate concentration for each agent for visualizing GAG content. As such, five new samples (Table SI-1) were randomly immersed for 48 h in 30 ml of one of five tested concentrations (12, 48, 72, 80 , and 96 mgI/ml or 0.015, 0.06, 0.09, 0.1, and 0.12 M) of ioxaglate and imaged under the same scanning parameters (see below). Samples were washed with saline for 48 h, scanned to ensure thorough washout, immersed in one of four tested concentrations (6, 12, 24 , 30 mgI/ml or 0.0075, 0.015, 0.03, and 0.0375 M) of CA4þ for 48 h, and then re-scanned. Two samples were immersed in the 12 mgI/ml concentration, because a previous bovine meniscus study showed this to be the optimal concentration for CA4þ. 12 The GAG content in the contrast agent solutions post-immersion was determined using the DMMB assay (see below), and no detectable GAG was found in any of the solutions. Hence, the sequential immersion steps did not appear to have a significant effect on the samples' GAG contents.
For the concentration optimization study, the color map scales were varied for each sample in an attempt to find a comparable image to the corresponding Safranin-O reference. It was qualitatively determined that immersing the samples to equilibrium in ioxaglate at concentrations of 80 or 96 mgI/ml best reflected the GAG distribution, and, thus, 80 mgI/ml was used in the final study given the simplicity of diluting the 320 mgI/ml stock solution. Similarly, CA4þ at 12 mgI/ml generated CECT color maps that qualitatively best reflected the natural GAG distribution in the human meniscus. Hence, this concentration was used for the final study.
For the final study, nine more samples (three anterior, three central, three posterior, Table SI-1) were each immersed in 30 ml of ioxaglate solution at 80 mgI/ml for 1, 3, 5, 7, 9, 48, and 53 h (to ensure early diffusion and equilibrium imaging data was captured) and subsequently imaged each time using microCECT. Samples were washed with saline for 72 h and re-scanned to ensure complete desorption of ioxaglate. Then, the immersion, scanning and washout process was repeated with CA4þ at 12 mgI/ml. Following washout, the imaged zone was excised, 12 lyophilized to measure water content, and analyzed with the DMMB assay to quantify GAG content (see below). For each time point, a mean CECT attenuation of the entire imaged zone ( Fig. SI-1b ) of each meniscus region was measured (see below), and depth-wise attenuation profiles were generated perpendicular to each native surface (femoral, tibial, and radial, Fig. SI-1c) . The CECT attenuation values were converted to contrast agent concentration using serial-dilution phantoms, the concentrations were fit with an exponential (same form as for the diffusion-in study), the first derivative was obtained from the fit at each time point, and flux values were computed 36, 37 by multiplying the instantaneous rate of concentration change at each time point by the thickness from the outer edge to the center of the meniscus through each respective surface (the average of the three thicknesses was used to compute the fluxes for the entire region [labeled "whole"]). The flux values were then normalized by the concentration (M) of the respective contrast agent to account for the different bath concentrations.
For all studies, each meniscus region was blotted to remove excess contrast solution and positioned in a microCT imaging system (mCT40, Scanco Medical AG, Switzerland) using a custom airtight holder that maintained a humid environment to prevent drying of the tissue. Sequential transaxial microCT images of the center of each meniscus section (imaged zone, Fig. SI-1b) were acquired at an isotropic voxel resolution of 36 mm, 70 kVp tube voltage, 113 mAmp current, and 300 ms integration time. 12 The microCT image data were converted into DICOM format using Scanco's software and imported for post-processing into Analyze TM (AnalyzeDirect, Overland Park, KS). The meniscus was segmented using the "Auto trace" regiongrowing algorithm in the ROI module. 12, 35 The mean CECT attenuation (HU) for each sample was obtained by averaging the attenuation values over all pixels contained within the imaging zone.
12
Histological Assessment Meniscus tissue neighboring the samples from Study 2 (Table SI-1) were immersed in a decalcifier/fixative solution (Formical-4, Decal Chemical Corporation, Tallman, NY), embedded in paraffin, and dissected into 5-mm pieces, sectioning parallel to the imaged zone of each sample. The sections were then stained for GAG distribution with 0.1% Safranin-O (S-2255, Sigma) with 0.02% Fast Green (F7258-25G, Sigma) following a standard procedure. 38 Photomicrographs were captured at 5Â magnification (Axio Imager 2, Zeiss Microscopy, Thornwood, NY) to determine the distribution of GAG in these samples. 12, 34, 35 Biochemical Assessment of GAG The excised meniscus imaging zones from Study 3 were cut into three subregions (inner, middle, outer, Fig. SI-1c) . 2, 12 The three segments were then weighed and lyophilized for 24 h, and the dry weight of each sample was determined. After digestion in papain (1 mg/ml in 50 mM sodium phosphate, 5 mM EDTA, 2 mM DTT, pH 6.8) at 65˚C for 24 h, the GAG content of each meniscus subregion was determined using the 1,9-dimethylmethylene blue (DMMB) colorimetric assay. 11 Briefly, each meniscus digestion solution was diluted 20-60 times for the assay. A linear calibration curve was generated using chondroitin-4-sulfate (Sigma 27042) to convert from absorbance to GAG content. The absorbance of the standard curve and diluted digestion solutions at 520 nm was separately measured in triplicate using a plate reader (Beckman Coulter AD340, Fullerton, CA). The total GAG mass of each sample was calculated using the calibration curve and normalized by the wet weight of the meniscus subregion to determine the percentage of tissue GAG content. The weighted-average GAG content for each imaging zone was then calculated. 12 
Statistical Analyses
The meniscus properties were assumed to be normally distributed, and this assumption was met and confirmed using the Shapiro-Wilk Test for all properties (p > 0.05). Linear correlation analysis (SPSS v. 21.0.0.0, SPPS Inc., IBM Company, Armonk, NY) was used to examine potential relationships between either microCECT attenuations or flux values for both agents and the samples' water and GAG contents. Additionally, multiple regression was used to examine how contrast agent flux for the whole sample depended on the combination of GAG and water contents. The coefficient of determination (R 2 ) was used to assess the strength of each association. Further, differences in flux values were compared between contrast agents and between native surfaces using two-way, repeated measures ANOVA. For all analyses, significance was set as two-tailed p < 0.05.
RESULTS
Diffusion of CA4þ Into Human Menisci Regions
The CA4þ enhanced CT attenuation rapidly increased during the first 10 h of immersion for the diffusion-in samples, with the change in CECT attenuation/h eventually decreasing to <1% after 48 h in all three regions of the meniscus (Fig. 1) . Using CECT attenuation as a 1020 OH ET AL.
surrogate for contrast agent concentration in the meniscal tissue, the diffusion curves for all three regions (anterior, central, and posterior) were similar in shape. Fitting an exponential of the form
) values of >0.98, a mean "a" coefficient value of À692.9 AE 146.2 HU (mean AE SD), a mean tau value of 9.68 AE 2.62 h (representing the mean time at which 63.2% of the equilibrium attenuation was reached for all regions), and a mean "c" coefficient value of 672.7 AE 144.9 HU (representing the final equilibrium CECT attenuation).
Optimal Ioxaglate and CA4þ Concentrations for Visualizing Meniscal GAG Distribution
After immersing the meniscal sample in ioxaglate at 12 mgI/ml for 48 h, the CECT attenuation appeared relatively uniform with minimal differences observed in the tissue, consistent with the contrast agent distributing uniformly throughout the tissue crosssection (Fig. 2a) . When the concentration was raised to 48 mgI/ml, the attenuation was greater in the outer subregion of the tissue compared to the inner and middle subregions (Fig. 2b) . At 72 mgI/ml, the attenuation was greatest in the outer and center subregions, and the contrast agent appeared to be fully distributed within the tissue (Fig. 2c) . At the highest concentrations of 80 and 96 mgI/ml, the contrast agent was also fully distributed within the tissue, with noticeably greater concentrations in the outer subregion ( Fig. 2d and e, respectively) .
Following immersion in CA4þ at 6 mgI/ml for 48 h, a slightly elevated CECT attenuation was observed in the inner subregion, although the CECT attenuation in this region was not substantial (Fig. 2f) . At 12 mgI/ml, Figure 1 . Diffusion-in curves for regions of three independent human meniscus samples. The state of equilibrium, defined as change in attenuation/h being <1% and visualized by a plateau, was attained by 48 h. Figure 2 . CECT color maps (from the center slice of the imaging zone) following equilibrium immersions of meniscal regions in varying concentrations of either ioxaglate (Iox, a-e) or CA4þ (f-i). A representative, neighboring Safranin-O histological (j) section was referenced to qualitatively determine the optimal contrast agent concentrations for Ioxaglate and CA4þ. Optimal concentrations for visualizing the GAG distribution were found to be 80 mgI/ml for Ioxaglate (d) and 12 mgI/ml for CA4þ (g).
CECT MEASURES MENISCUS GAG AND WATER CONTENT the CECT attenuation was the greatest in the inner and middle subregions (Fig. 2g) . When the concentration of CA4þ was further increased to 24 and 30 mgI/ml, the tissue appeared more uniformly enhanced throughout (Fig. 2h and i) .
Safranin-O stained representative histological slices (Fig. 2j ) from neighboring tissue to the samples used for CECT imaging provided reference data on the GAG distribution, since the cationic Safranin-O stain is sensitive to the distribution of the anionic GAGs. 12, 34, 35 Since ioxaglate is anionic, while Safranin-O is cationic, the optimal ioxaglate concentration should reflect the inverse of the Safranin-O stain, namely high contrast agent concentration in the outer subregion and lower concentrations in the middle and inner subregions. The color maps obtained using ioxaglate at both 80 and 96 mgI/ml best represented the inverse of the Safranin-O image, and, thus, 80 mgI/ml (Fig. 2d) was chosen as the optimal ioxaglate concentration for ease of diluting the stock contrast agent. Since CA4þ is cationic, the optimal concentration for this agent should directly mirror that of the Safranin-O stain. The color map obtained using CA4þ at 12 mgI/ml (Fig. 2g ) best reflected the Safranin-O stain section, and this concentration was selected as the optimal concentration for CA4þ. Hence, a lower concentration of CA4þ enabled visualization of the GAG distribution compared to that of ioxaglate. These optimal concentrations of contrast agent were used for the subsequent studies.
CECT Attenuation Versus GAG Content as a Function of Immersion Time
The immersion time had a significant effect on the strength of the CECT versus GAG content associations for both contrast agents ( Table 1) . As time of immersion increased for both contrast agents, the R 2 values increased and the p-values decreased. For ioxaglate, R 2 values began at 0.01 at 1 h and peaked at 0.44 at 53 h. However, none of these associations were statistically significant. In contrast, for CA4þ, R 2 values were both stronger and significant by 7 h (R 2 > 0.60 and p < 0.05). At the equilibrium time of 48 h, the CA4þ CECT attenuation was strongly and positively correlated with meniscal GAG content, with GAG content accounting for 81% of the variation in CECT attenuation (p < 0.05), compared to a R 2 of 0.38 (p > 0.05) for ioxaglate (Fig. 3) .
CECT Attenuation and Contrast Agent Flux Versus Water Content
For both contrast agents, CECT attenuation did not significantly correlate with water content at any time points, although the R 2 values for CA4þ were all greater than those of ioxaglate (Table 1) . However, contrast agent flux more strongly correlated with tissue water content than CECT attenuation for both agents. Specifically, for ioxaglate at 80 mgI/ml, the flux for the entire imaging zone weakly to moderately Fig. 4b , all p < 0.05) and weaker, not significant associations at equilibrium (R 2 ¼ 0.36, p > 0.05). For ioxaglate, using both GAG and water contents as predictors in a multiple regression resulted in stronger and significant relationships (R 2 ! 0.70, all p < 0.05) with flux for all time points after 3 h (Table 1) , with GAG content being a significant predictor at 7 and 9 h. A similar multiple regression for CA4þ resulted in comparable R 2 values to using only water content as a predictor in the linear association analysis (Table 1) , with the initial time point being significant only for multiple regression.
Depth-Wise Attenuation Profiles for the Three Native Meniscus Surfaces
For both contrast agents, depth-wise attenuation profiles were generated perpendicular to the three native meniscal surfaces (femoral, tibial, and radial, Fig. SI-1c ) for all nine samples at each time point. Representative profiles for one sample (Table SI-1) are shown in Figure 5 . When quantifying the average values across the depth-wise ioxaglate CECT attenuation at equilibrium (Table 1) , the femoral and tibial surfaces were similar at 3013 AE 299 (mean AE SD) and 2778 AE 377 HU, respectively, while the radial surface had a greater CECT attenuation at 3237 AE 255 HU, being significantly greater than that of the tibial surface (p < 0.05). Similarly, for CA4þ, the femoral and tibial surfaces were similar, at 1351 AE 359 and 1258 AE 302 HU, respectively. However, the radial surface had a significantly lower attenuation at 927 AE 325 HU relative to the femoral surface (p < 0.05). Examining the change from the outer edge (sampled as the first five voxels of the profile) to the center (sampled as the last five voxels) for the samples after immersion in ioxaglate, all three surfaces had similarly shaped depth-wise profiles such that by equilibrium, there appeared to be a plateau (Fig. 5 top) from the outer edge (normalized tissue depth ¼ 0) to the center (normalized tissue depth ¼ 1). After exposing the same samples to CA4þ, the CECT attenuation values for the surfaces also plateaued at a greater value in the center relative to the edge at equilibrium, but the plateau formed at a greater tissue depth (Fig. 5 bottom) . Quantitatively, for ioxaglate, the percent increases in CECT attenuation at the center relative to the edge at equilibrium were 121 AE 12%, 132 AE 16%, and 117 AE 18% for the femoral, tibial, and radial edges, respectively. With CA4þ, the center was 203 AE 15%, 218 AE 46%, 247 AE 53% greater than the outer edge for the femoral, tibial, and radial edges, respectively. The percent increases for CA4þ were all significantly greater than their corresponding ioxaglate values (p < 0.05). 
CECT MEASURES MENISCUS GAG AND WATER CONTENT
Furthermore, the overlap of the depthwise attenuation profiles (Fig. 5) for the final two time points indicated that equilibrium had been reached at 48 h, which agrees with the results of the diffusion-in study.
Comparison of Ioxaglate and CA4þ Flux Through the Meniscus Surfaces
From the depth-wise attenuation analysis, flux values for each surface were calculated and normalized by the molarity of bath concentration (Table 1) . For both contrast agents, the normalized flux values were greatest at early time points, indicative of rapid diffusion after immersion. There were no significant differences in normalized flux values between the surfaces at any time points for either contrast agent (Table 1) . Finally, normalized CA4þ flux values were significantly greater than those of ioxaglate for the whole imagining zone and all three surfaces at the time points of 3-9 h (Table 1) .
DISCUSSION
Current techniques for assessing the biochemical composition and structure of the meniscus, such as the dimethylmethylene (DMMB) assay and histology, are destructive and time-consuming. However, contrastenhanced CT (CECT) imaging provides an opportunity for simple, rapid, and non-destructive characterization of the internal composition and properties of the human meniscus. To develop CECT as a tool for measuring meniscal biochemical content, we first determined the time required for CA4þ to diffuse into the tissue and reach equilibrium in the different regions (anterior, central, and posterior) of the tissue. The contrast agent equilibrium diffusion time was found to be similar for each region (Fig. 1) , which agrees with a previous study using the bovine meniscus. 12 However, the human meniscus equilibration diffusion times are approximately half the values found for the bovine samples with the same agent (48 h with a tau value of 9.68 AE 2.62 h vs. 95 h with tau value of 20.6 AE 3.98 h). 12 The shorter equilibration period (48 h) is likely a result of the smaller size of the human meniscus relative to the bovine meniscus (approximately half the size). Additionally, the equilibrium diffusion time reported herein is consistent with a previous study that found the equilibrium time for ioxaglate (48 mgI/ml) to be >30 h in the human meniscus, although the study was not carried out past 30 h. 26 In comparison, the equilibrium diffusion time for CT contrast agents in articular cartilage varies from 8 to 24 h, 23, 28, 30, 39 and the tau values for the agents in cartilage range from 1.08 to 4.49 h. 23, 28 The equilibration diffusion time and tau values are greater for the meniscus, likely due to its larger size ($15Â volume of a 7 mm diameter cartilage disc) and lower permeability due to its heavily crosslinked collagen fibers. Due to the electrostatic interaction between the GAGs' negative fixed charge density and the anionic charge of ioxaglate, color maps are expected to depict an inverse representation of the negatively charged GAGs in the meniscus, as has been previously reported for bovine 12 and human 26 meniscus samples. This inverse relationship is best depicted at concentrations greater than or equal to 80 mgI/ml, as the outer subregion exhibited greater CECT attenuation than the inner and middle subregions (Fig. 2d and e) . This concentration of ioxaglate is also often used to successfully image articular cartilage. 29 The optimal CA4þ concentration of 12 mgI/ml (Fig. 2g) best reflected the Safranin-O stained GAG distribution (Fig. 2j ) and is consistent with that reported for the bovine meniscus. 12 With the concentrations for ioxaglate and CA4þ identified at 80 and 12 mgI/ml, respectively, we conducted the association studies between CECT attenuation and GAG content. The static ioxaglate CECT attenuation did not significantly correlate with GAG content at any of the measured time points, including at equilibrium (0.38 R 2 0.44), while the associations were significant for CA4þ at many of the time points. The ioxaglate association strength at equilibrium differs from that previously reported using ioxaglate with bovine meniscus at equilibrium (R 2 ¼ 0.51, p < 0.05) 12 but agrees with the reported results for the human meniscus when scanned on a clinical cone-beam CT. 26 In contrast, CA4þ attenuation strongly correlated with GAG at equilib rium (R 2 ¼ 0.81, Fig. 3 ), in agreement with results previously reported for the bovine meniscus (R 2 ¼ 0.89). 12 Thus, the present study provides further evidence that a cationic contrast agent is more sensitive to GAG content at lower iodine concentrations than similarly sized anionic agents in both cartilage 28, 35, 40 and meniscus, 12 owing to the strong electrostatic attraction.
The lack of significant relationships between "static" CECT attenuation and water content for either contrast agent at any time point in this study (Table 1) disagrees with a previous study with the human meniscus, which demonstrated weak to moderate associations (R 2 0.31) between water content and ioxaglate CECT attenuation after 40 min. 26 However, this relationship only existed for the lateral meniscus. For articular cartilage, such associations for ioxaglate were also weak albeit significant (R 2 ¼ 0.25, p < 0.05). 41 Thus, better techniques are needed for assessing the water content in the meniscus.
Since contrast agent diffusion rates (flux) are influenced by water content, we hypothesized that contrast agent flux in the meniscus-measured from repeat CECT scans at different time points (dynamic CECT)-will be a better predictor of tissue water content. The flux across the whole meniscus strongly correlated with water content, particularly with CA4þ (Table 1 and Fig. 4) . Given that the contrast agents diffused most rapidly at the early time points and, thus, larger changes in attenuation are noted during the early time points, we expected the flux and water content to correlate most strongly at these time points. Both the association and multiple regression results CECT MEASURES MENISCUS GAG AND WATER CONTENT agreed with this expectation for CA4þ at the time points of 0-9 h, but only for ioxaglate at the time points of 5-9 h (Table 1) . Further, in the ioxaglate multiple regression, GAG content also was a significant predictor of flux at 7 and 9 h, which was unexpected given the lack of a significant relationship between flux and GAG content alone (R 2 values 0.2, data not shown). At the equilibrium diffusion time points, the ioxaglate association strengths increased unexpectedly, and water was a significant predictor of flux in the multiple regression, while water was not significantly correlated with CA4þ flux in either the association or multiple regression analyses ( Table 1) . The stronger relationships between water and flux at the late time points for ioxaglate may reflect an anomaly, as the flux has essentially plateaued. Given this unexpected finding and the emergence of GAG content as a significant predictor of flux in the multiple regression, the accuracy of predicting the water content from ioxaglate flux is unclear. Nevertheless, CA4þ flux strongly and significantly correlated to water content at all the early time points, indicating the utility of dynamic CECT to predict tissue water content, which is an important constituent of the meniscus.
When comparing normalized flux values between ioxaglate and CA4þ, the values for CA4þ were significantly greater than the corresponding ioxaglate values for all surfaces and the whole imaging zone at time points of 3-9 h. These results likely reflect the combined effects of concentration gradient and electrostatic interactions over time. Namely, the greater bath concentration of ioxaglate (80 mgI/ml) compared to that of CA4þ (12 mgI/ml) combined with the electrostatic repulsion of ioxaglate compared to the electrostatic attraction of CA4þ results in more comparable diffusion rates into the meniscus at the earliest time points (0-1 h). At 3 h, the concentration gradient effect has diminished for both agents, and ioxaglate is electrostatically repelled, resulting in decreased ioxaglate flux, while CA4þ is electrostatically attracted into the tissue, resulting in more rapid CA4þ diffusion in the time points from 3 to 9 h.
To better understand flux through the native surfaces, we conducted a detailed analysis of the depth-wise CECT attenuation over time for each of the three meniscal surfaces from the surface edge to the center of the tissue. With ioxaglate, all three surfaces are similarly plateau-shaped by equilibrium at 48 h (Fig. 5  top) and exhibited increased attenuations at the meniscus center relative to the surface edge. The partitioning ratios of >100% disagree with a previous report using the same contrast agent at 48 mgI/ml 26 and the expected distribution owing to electrostatic interactions, which may explain the lack of a significant association between ioxaglate CECT attenuation and meniscal GAG in this study. This result may also reflect the lower concentration of GAG in the meniscus compared to articular cartilage. Future studies should investigate if there is a lower GAG detectability limit for this contrast agent. For CA4þ, the depth-wise attenuation profiles of all three surfaces plateau deeper into the tissue (Fig. 5 bottom) with notably greater attenuations (>200%, all p < 0.05) near the center relative to all surface edges, again revealing the electrostatic attraction of CA4þ to the inner GAGs. The more pronounced increase in the center attenuations relative to the outer edges reveals that electrostatic attraction enables increased penetration of CA4þ into the meniscus at a concentration that is less than 1/6 that of ioxaglate.
Although static and dynamic CECT enabled assessment of both meniscal GAG and water content, this study possesses a few limitations worth noting. First, continued transport of the agents could have occurred during the CECT scanning time. The CECT scanning time was minimal (22 min) compared to the equilibrium time (48 h), but the scan time was the same order of magnitude as the first time point (1 h), therefore transport could have an effect on the early time points. That said, the microCT40 scanner obtains attenuation data by incrementally rotating the sample during scanning, and as such, data from every point in the scanned sample is obtained at each rotational projection and then accounted for during reconstruction. Thus, any transport occurring in the samples during scanning would be similarly accounted for in the same reconstruction algorithm used each sample. A second limitation of this study, is that for determining the working concentrations of contrast agent used, we performed experiments with adjacent meniscal regions due to the limited availability of meniscus samples and the very long experimental time needed to examine the same meniscal tissue with every concentration of CA4þ and ioxaglate. We leveraged our previous data from human and bovine articular cartilage as well as the bovine meniscus, 28, 35 to determine an appropriate starting concentration range for each contrast agent and compared the results to Safranin-O stained sections. Third, an equilibrium time of 48 h is not clinically relevant, nor is the earliest time point at which CA4þ enhanced CT attenuation significantly correlates with GAG (7 h). Therefore, the likelihood of translating this technique into a clinically feasible diagnostic method for human patients is minimal. The whole-meniscus CA4þ flux, however, significantly correlated with water content as early as 1 h, and it is known that water content changes in early OA. 9 Thus, CECT flux measurements may provide an opportunity for clinical implantation of this technique, but a number of additional experiments are needed prior to such use. Nevertheless, these immersion times are far shorter than the total time required for performing the DMMB assay or histology to obtain similar GAG data. Finally, these studies are performed with excised ex vivo meniscal samples. While CECT has been used successfully for ex vivo imaging of intact joints 28 and for in vivo imaging of articular cartilage in rabbit joints at 12 mgI/ml, 29 this study did not investigate the meniscus in its native environment. Factors such as synovial fluid and opposing synovium and articular cartilage will likely influence contrast agent diffusion kinetics, potentially necessitating higher contrast agent doses. Further, adequate joint distraction would likely be necessary for differentiation of the articular cartilage surfaces from the menisci, particularly near the center of the joint. Hence, future studies using intact ex vivo joints and/or joints from live animals are needed.
In summary, CECT is a useful research tool to nondestructively characterize the GAG and water contents of the human meniscus. This study is the first to investigate the utility of a cationic contrast agent (CA4þ) for measuring these important properties. The use of CA4þ over the anionic contrast agent, ioxaglate, affords stronger associations. Furthermore, determination of contrast agent flux via dynamic CECT provides an assessment of water content in the meniscus, which can otherwise only be accomplished destructively similar to determining GAG content. CECT using a cationic contrast agent shows promise compared to existing anionic contrast agents, owing to the electrostatic attraction of the cationic compound to native glycosaminoglycans in cartilaginous tissues, including the meniscus. CECT using CA4þ addresses an unmet need in the meniscal characterization tool box, and provides scientists and engineers a method to nondestructively assess important constituents of the meniscus in three dimensions, thereby facilitating future studies to examine: (i) the pathogenesis of OA in the meniscus; (ii) alterations in meniscal tissue in common OA animal models; and (iii) effects of various OA treatment strategies on preserving or regenerating meniscal tissue.
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